Sam68 (Src-associated in mitosis) is an SH3 (Srchomology 3), SH2 (Src-homology 2), and RNA binding protein which associates with and is tyrosine phosphorylated by wild-type and activated forms of c-Src in a mitosis-speci®c manner. We now show that Sam68 immunoprecipitated from either HeLa S3 or NIH3T3 cells is phosphorylated on threonine residues exclusively during mitosis as well as on serine residues during both interphase and mitosis. Recombinant Sam68, expressed as a glutathione S-transferase (GST) fusion protein, was phosphorylated on threonine and serine residues after incubation with mitotic lysates several-fold more extensively than after incubation with unsynchronized lysates. Cdc2 was identi®ed as the kinase responsible for the mitotic threonine phosphorylation by (1) immunodepletion of the mitotic Sam68 kinase from cell lysates with anti-Cdc2 antibodies, (2) inhibition of Sam68 phosphorylation in vitro and in vivo by the cyclin-dependent kinase inhibitor olomoucine and (3) phosphorylation of Sam68 by puri®ed Cdc2. These data demonstrate that Sam68 is a direct target of Cdc2 and may therefore mediate some of its biological eects during mitosis.
Introduction
Cellular Src is activated during mitosis in a two-step process involving the phosphorylation of its N-terminal unique domain by the Cdc2/cyclin B complex and dephosphorylation of its inhibitory C-terminal tyrosine residue 527 (Chackalaparampil and Shalloway, 1988; Shenoy et al., 1989 Shenoy et al., , 1992 Morgan et al., 1989; Bagrodia et al., 1991; Shenoy et al., 1992; Stover et al., 1994) . However there is limited information regarding its speci®c substrates during this period. Recently we and others identi®ed Sam68 (Src-associated in mitosis), a 68 kDa protein which preferentially binds to and is phosphorylated by wild-type or mutationally activated forms of c-Src during mitosis (Taylor and Shalloway, 1994; Fumagalli et al., 1994) . Because Sam68 is concentrated within the nucleus (Wong et al., 1992; McBride et al., 1996) and Src is primarily non-nuclear (perinuclear membranes, endosomes, secretory vesicles and the plasma membrane) (Kaplan et al., 1992; DavidPfeuty and Nouvian-Dooghe, 1990) , their transient interaction during mitosis is presumably facilitated by nuclear envelope breakdown.
Both the SH3 and SH2 domains of c-Src are required for its stable association with Sam68 during mitosis (Taylor and Shalloway, 1994; Fumagalli et al., 1994; Taylor et al., 1995) . Sam68 contains at least ®ve proline-rich sequences, one of which has been identi®ed as the primary site required for binding to the c-Src SH3 domain. This is thought to be a prerequisite for the tyrosine phosphorylation of Sam68 by Src and subsequent interaction with its SH2 domain. The remaining proline-rich sequences and potential tyrosine phosphorylation sites in the C-terminus may cooperate to form signaling complexes with other SH3/SH2 containing proteins. Sam68 has been shown to associate with Grb2 and phospholipase Cg in an SH3/SH2-speci®c manner in cells overexpressing Src family members .
Sam68 also binds to homopolymers of ribonucleic acid in vitro, speci®cally poly U, and contains a K homology (KH) domain characteristic of a distinct family of RNA binding proteins (Mahone et al., 1995; Siomi et al., 1993; De Boulle et al., 1993; Jones and Schedl, 1995; Ebersole et al., 1996) . Mutations of highly conserved residues within the KH domains of some of these proteins result in severe developmental abnormalities. These include the aberrant migration of anterior follicles during oogenesis (Bic-C, D, melanogaster) (Mahone et al., 1995) , fragile X syndrome, the most common cause of hereditary mental retardation (Fmr1, H. sapiens) (Siomi et al., 1993; De Boulle et al., 1993) , loss of tumor suppressor function and defective meiotic maturation (Gld-1, C. elegans) (Jones and Schedl, 1995) and defective myelination or embryonic lethality (Quaking1, M. musculus) (Ebersole et al., 1996) . In some cases these deleterious eects correlate with the loss of RNA binding in vitro suggesting that these proteins may regulate the tracking, processing, stability, or translation of speci®c RNA transcripts during development. The heterogeneous nuclear ribonucleoprotein K which contains three KH domains, stimulates transcription via its interaction with a speci®c cis element and the RNA transcription machinery (Michelotti et al., 1996) . Moreover Sam68 has been shown to directly associate with the poliovirus RNA-dependent RNA polymerase in virus-infected cells and is predicted to participate in virus replication (McBride et al., 1996) .
Previous studies of Sam68 have focused entirely on its tyrosine phosphorylation in cells overexpressing Src family members (Taylor and Shalloway, 1994; Fumagalli et al., 1994; Taylor et al., 1995; Richard et al., 1995; Wang et al., 1995) . However, the cell cycle dependence of Sam68 phosphorylation by Src led us to investigate whether it might also be subject to serine/ threonine phosphorylation during the cell cycle. We found that Sam68 from either HeLa S3 and NIH3T3 cells is phosphorylated on serine residues during both interphase and mitosis and on threonine residues exclusively during mitosis. Based on several criteria, we have established that the mitotic threonine phosphorylation is by Cdc2 kinase.
Results

Sam68 is phosphorylated on threonine residues during mitosis
We investigated whether Sam68 might be phosphorylated by serine/threonine kinases in a cell cycledependent manner. Unsynchronized or mitotic (arrested with nocodazole) HeLa cells were labeled with 32 P-orthophosphate, and Sam68 was immunoprecipitated from lysates using a rabbit polyclonal antibody raised against a peptide corresponding to the conserved C-terminus of the human Sam68 protein . Separation of proteins by SDS ± PAGE and analysis for phosphoamino acid content revealed that Sam68 was phosphorylated on serine residues during both interphase and mitosis but was substantially phosphorylated on threonine residues (*30% of the total phosphate incorporation) only during mitosis ( Figure 1 ). Similar results were observed when Sam68 was immunoprecipitated from NIH3T3 mouse fibroblasts (data not shown). Phosphotyrosine was not detected in Sam68 from either HeLa or NIH3T3 cells under these conditions possibly because the 3 h in vivo 32 P labeling period was short relative to the phosphotyrosine turnover half-life. Steady-state labeling could not be achieved because prolonged exposure to radioactivity induces cell-cycle arrest (Chackalaparampil and Shalloway, 1988) . Only a qualitative assessment can be made regarding the distribution of phosphoamino acids. However, this data clearly demonstrates that Sam68 is phosphorylated on threonine in a cell-cycle dependent manner in two distinct cell types.
Phosphorylation of recombinant Sam68 by cell lysates
In an attempt to reproduce the phosphorylation pattern of Sam68 observed in vivo, we prepared cell lysates from unsynchronized and mitotic cells and assayed their ability to phosphorylate Sam68 in vitro (Figure 2a ). Recombinant full-length GST-Sam68 fusion protein, M r *90 kDa, was phosphorylated to a greater extent after incubation with lysates from mitotic NIH3T3 (*threefold) and HeLa (*sixfold) cells (lanes 8 and 10) than after incubation with lysates from unsynchronized cells (lanes 7 and 9). Several fragments of GST-Sam68 (generated during its expression in E. coli) were also phosphorylated but to a lesser extent than the full-length protein on a molar basis (lanes 7 ± 10 data not shown). GST alone was not phosphorylated under identical conditions (lanes 1 ± 5). Phosphoamino acid analysis indicated that GST-Sam68 GST (lanes 1 ± 5) and GST-Sam68 fusion protein (lanes 6 ± 10) were subjected to in vitro phosphorylation in the absence (lanes 1 and 6) or presence (lanes 2 ± 5, 7 ± 10) of lysates containing 10 mg total cell protein prepared from unsynchronized (U) or mitotic (M) NIH3T3 (lanes 2, 3, 7 and 8) or HeLa (lanes 4, 5, 9 and 10) cells. (a) Aliquots were analysed by SDS ± PAGE (10%) and autoradiography. Positions of GST, GST-Sam68, and molecular weight markers (kDa) are indicated. (b) Aliquots were separated by SDS ± PAGE (8%) and GST-Sam68 was subjected to phosphoaminoacid analysis and autoradiography. NIH3T3 (lanes 1 and 2), HeLa (lanes 3 and 4). Phosphoamino acid standards are as indicated: PS, phosphoserine; PT, phosphothreonine; PY, phosphotyrosine phosphorylated by unsynchronized lysates from both cell lines contained phosphoserine and (in contrast with the in vivo results) also small amounts of phosphothreonine ( Figure 2b , lanes 1 and 3). The level of phosphothreonine relative to phosphoserine was dramatically increased in GST-Sam68 phosphorylated by mitotic lysates from either cell line (lanes 2 and 4). The small amounts of phosphothreonine generated by the unsynchronized lysates probably results from nonphysiological interaction(s) with other kinases during the assay. The absence of phosphotyrosine probably re¯ects the lower level of Src activity relative to serine/ threonine kinase activities within the lysates (or dierences in phosphatase activities). The preferential mitotic phosphorylation of threonine resembled that observed in vivo and provided a means for identifying the physiologically important kinase(s).
Sam68 is phosphorylated by Cdc2 in mitotic cell lysates
Progression into mitosis is dependent upon the activation of the serine/threonine protein kinase Cdc2 following its association with the regulatory subunit cyclin B. Although several kinases function during mitosis (King et al., 1994; Laird et al., 1995; Minshull et al., 1994; Lee et al., 1995; Yamakita et al., 1994; O'Connell et al., 1994; Vesely et al., 1994) , Cdc2 is thought to be the chief regulatory enzyme. This made it an obvious candidate for the mitotic Sam68 kinase. We depleted Cdc2 from cell lysates using a polyclonal antibody raised against a peptide corresponding to the seven residue carboxy-terminal sequence of the human Cdc2 protein that is unique within the Cdk family. HeLa cell lysates were incubated in the absence or presence of anti-Cdc2 and antibody complexes were removed by immobilization on protein A-Sepharose beads. Western blotting with a monoclonal Cdc2-speci®c antibody con®rmed that the immunodepletion of Cdc2 was essentially complete (Figure 3a) . Cdc2 was present only in the supernatants from untreated lysates (lanes 4 and 6) and in the anti-Cdc2 pellets (lanes 7 and 9) at levels comparable to those in the original whole cell lysates (lanes 1 and 2).
Lysates were then assayed for Cdc2 activity using either GST-Sam68 (Figure 3b ) or histone H-1 ( Figure  3c ) as substrates. Histone H-1 is a well-characterized substrate for Cdc2 and is routinely used for in vitro measurement of its kinase activity. In the absence of antibody, mitotic lysates phosphorylated GST-Sam68 (5.8-fold) and histone (18-fold) more eectively than unsynchronized lysates. Immunodepletion with antiCdc2 reduced the mitotic phosphorylation of GSTSam68 and histone 67% and 87% respectively. However it had little or no eect on the phosphorylation by unsynchronized lysates indicating that these phosphorylations were primarily catalyzed by kinases other than Cdc2.
Phosphorylation of Sam68 ( Figure 3b ) and histone ( Figure 3c ) was also inhibited when mitotic lysates were incubated with 50 mM olomoucine, a highly selective inhibitor of the cyclin-dependent protein kinases (Vesely et al., 1994) . Several CDKs including Cdc2/cyclin B and Cdk2/cyclin A or E are substantially more sensitive to olomoucine (IC 50 47 mM) than a wide range of other kinases (IC 50 5130 mM) when WCL P S P S P S P S -29 1 2 3 4 5 6 7 8 9 10 Figure 3 Sam68 is phosphorylated by Cdc2 in mitotic cell lysates. Immunodepletion of Cdc2 from unsynchronized (U) and mitotic (M) HeLa whole cell lysates (each containing 60 mg total cell protein) was carried out with anti-Cdc2 antibody (lanes 7 ± 10) or without antibody (lanes 3 ± 6) as described in Materials and methods. (a) Whole cell lysates (WCL) (lanes 1 and 2), pellets (P) (lanes 3, 5, 7 and 9), and supernatants (S) (lanes 4, 6, 8 and 10) were analysed for Cdc2 levels by Western blot analysis using 15% of total protein from each sample. Molecular weight markers (kDa) are indicated. (b) GST-Sam68 fusion protein and (c) histone H-1 were subjected to in vitro phosphorylation using 12.5% and 5%, respectively, of immunodepleted supernatants. All reactions were pre-incubated for 10 min on ice with DMSO (1 ml) or 50 mM olomoucine (in 1 ml DMSO) prior to the addition of [g-32 P]ATP. Proteins were separated by SDS ± PAGE (10%) and results were quantitated by Phosphorimager analysis. Backgrounds were subtracted and ®nal values were normalized to the activity of the untreated unsynchronized lysate for each substrate. The data are the mean+range of two independent experiments assayed in vitro. The mitogen-activated protein kinase p44 MAPK (ERK1) is the only other enzyme tested which is signi®cantly sensitive to olomoucine (IC 50 *25 mM), but it is not active during mitosis in nocadazolearrested HeLa cells (Heider et al., 1994) . Olomoucine also signi®cantly inhibited the phosphorylation of histone by unsynchronized lysates suggesting that it is phosphorylated by an interphase cyclin-dependent or MAP kinase. The fact that a residual amount of phosphorylation of GST-Sam68 by both interphase and mitotic lysates was resistant to inhibition by both immunodepletion of Cdc2 and pre-treatment with a Cdk inhibitor suggests that this phosphorylation is catalyzed by a non-Cdk-family kinase. Finally, phosphoamino acid analysis (from Figure 3b) con®rmed that immunodepletion of Cdc2 or its inhibition by olomoucine decreased the threonine/serine phosphorylation ratio of Sam68 by mitotic lysates by *fourfold (data not shown). Taken together these ®ndings indicate that Sam68 is phosphorylated by Cdc2 on threonine residues during mitosis.
Sam68 is phosphorylated by Cdc2 in mitotic HeLa cells
Olomoucine inhibition was used to con®rm that the mitotic phosphorylation of Sam68 was mediated by Cdc2 in vivo. Unsynchronized and mitotic HeLa cells were incubated with 75 mM olomoucine for 1 h prior to (and during) labeling with 32 P-orthophosphate, and then Sam68 was immunoprecipitated from lysates and analysed by SDS ± PAGE. As shown in Figure 4a , olomoucine substantially reduced the overall phosphorylation of Sam68 in mitotic (lanes 3 and 4) but not synchronized (lanes 1 and 2) cells. Note that, to enhance sensitivity of changes in (the lower level of) phosphorylation in unsynchronized cells, twice as much unsynchronized lysate was used in these experiments. Thus, the equal signals in lanes 1 and 3 indicates approximately doubled phospho-incorporation during mitosis. Phosphoamino acid analysis con®rmed that the phosphorylation of threonine during mitosis was essentially eliminated in the presence of olomoucine (Figure 4, lane 4) . These data corroborate the in vitro ®ndings implicating Cdc2 as the kinase responsible for the mitotic phosphorylation of Sam68.
Phosphorylation of Sam68 by puri®ed Cdc2/cyclin B
To directly demonstrate that Sam68 is phosphorylated by Cdc2, GST-Sam68 was incubated with [g-32 P]ATP in the presence of either puri®ed Cdc2/cyclin B or mitotic lysates prepared from HeLa cells. Similar levels of overall phosphate incorporation were observed ( Figure  5a ), but the distribution of phosphoamino acids diered. Sam68 was phosphorylated by mitotic lysates on both threonine (75%) and serine (25%) residues but was phosphorylated by Cdc2/cyclin B predominantly on threonine residues (493%) (Figure 5b ). Phosphorylation by puri®ed c-Src was used for comparison since Sam68 is its primary substrate during mitosis (Taylor and Shalloway, 1994; Fumagalli et al., 1994) . As expected, Sam68 was phosphorylated by Src solely on tyrosine residues ( Figure 5, lane 3) . The extent of phosphorylation by Src was comparable to that of Cdc2/cyclin B indicating that, under these conditions, Sam68 is an equally suitable substrate for both enzymes (Figure 5a, lanes 7 and 8) . These data demonstrate that Sam68 is preferentially phosphorylated on threonine residues by puri®ed Cdc2/cyclin B. This agrees with the results in vivo and with whole cell lysates.
Discussion
Cdc2/cyclin B kinase complex triggers the onset of mitosis and the phosphorylation of an array of structural and regulatory proteins (e.g. lamins, microtubule-associated proteins, histone H-1, nucleolin, high-mobility group proteins, caldesmon, vimentin, and Src kinase) (Chackalaparampil and Shalloway, 1988; Shenoy et al., 1989; Morgan et al., 1989; King et al., 1994; Laird et al., 1995; Minshull et al., 1994; Lee et al., 1995; Yamakita et al., 1994; O'Connell et al., 1994; Peter et al., 1991; Chou et al., 1990; Peter et al., 1990; Meijer et al., 1991; Yamashiro et al., 1990; Gottesfeld et al., 1994) . During mitosis Src, which is activated following its phosphorylation by Cdc2 and dephosphorylation at Tyr 527, phosphorylates its only known mitotic substrate Sam68 (Chackalaparampil and Shalloway, 1988; Shenoy et al., 1989 Shenoy et al., , 1992 Morgan et al., 1989; Bagrodia et al., 1991; Stover et al., 1994; Taylor and Shalloway, 1994; Fumagalli et al., 1994) . This suggests that Cdc2 might regulate Sam68 indirectly through the activation of Src. We have now shown, using several criteria including immunodepletion of the mitotic Sam68 kinase from cell lysates with an antibody speci®c for Cdc2, inhibition of Sam68 phosphorylation in vitro and in vivo by the cyclindependent kinase inhibitor olomoucine, and phosphorylation of Sam68 by puri®ed Cdc2, that Cdc2 phosphorylates Sam68 on threonine residues during mitosis and thus may directly modulate its activity.
Cdc2 is a member of a family of proline-directed protein kinases which preferentially phosphorylates serine/threonine residues within the consensus sequence (K/R)-S/TP-(X)-(K/R) but minimally requires only S/TP for substrate recognition (Pearson and Kemp, 1991) . Site-directed mutagenesis of Sam68 changing Thr 317 (one of several potential Cdc2 phosphorylation sites conserved between the mouse and human Sam68 sequence) to Ala, reduced (*30%) but did not eliminate threonine phosphorylation of Sam68 by either mitotic lysates or Cdc2 (data not shown). The observation that fragments of GST-Sam68 that lack Thr 317 (as determined by their molecular weight and retention of glutathione-binding) were phosphorylated on threonine suggests that at least one another threonine phosphorylation site resides upstream of Thr 317 (Figure 2 and data not shown) . The fact that the serine phosphorylation of Sam68 was not signi®cantly inhibited following immunodepletion of Cdc2 and/or treatment with olomoucine (while the threonine phosphorylation was essentially eliminated) (see Figures 3 and 4) indicates that kinase(s) distinct from Cdc2 (and other Cdks) are responsible for these modi®cations. Additional experiments will be required to map the other threonine phosphorylation sites and to determine if the mitotic phosphoserine residues are identical to those observed during interphase.
Several nucleic acid-binding proteins are regulated by phosphorylation in a cell-cycle dependent manner. Phosphorylation of the transcription factors Myb and Myc during mitosis coincides with reductions in their DNA-binding anities (Luescher and Eisenman, 1992) . Transcription factor IIIB and c-Abl display decreased DNA binding activities when phosphorylated by Cdc2 (Gottesfeld et al., 1994; Kipreos and Wang, 1992) . The heterogeneous nuclear ribonucleoproteins A, B, and C also undergo mitosis-speci®c phosphorylations, but the consequences of these modi®cations are unclear (Pinol-Roma and Dreyfuss, 1993) . Phosphorylation of Sam68 by Fyn (a Src family member) following their co-expression in asynchronous HeLa cells results in decreased polyU binding by Sam68 in vitro (Wang, 1995) . This suggests a potential role for Src family members in regulating RNA processing through its association with Sam68 during interphase. However, to date, we have been unable to identify any functional consequences of the phosphorylation of Sam68 by Cdc2. No dierences in its ability to bind to either polyU or the Src SH3 domain in vitro were observed when Sam68 was isolated from unsynchronized and mitotic cells (data not shown). However this might re¯ect low stoichiometry of phosphorylation in vivo and/or dephosphorylation of Sam68 in vitro during cell lysis that make it dicult to detect changes in RNA or SH3 binding. It is important to note that physiological RNA ligands of Sam68 have not yet been identi®ed. It is possible that interaction with these RNA species (but not polyU) is modulated by phosphorylation by Cdc2. Alternatively, phosphorylation by Cdc2 might regulate other aspects of Sam68 function independent of SH3 and RNA binding (e.g., subcellular localization, stability, enzymatic activity, or protein-protein interactions) which have yet to be identi®ed. Sam68 phosphorylated by Cdc2 might represent a small but specialized subset of molecules which executes an important cellular function. Since the mitotic phosphorylation of Sam68 occurs in two dierent species, it is likely that it is a physiologically signi®cant event. Expression of Sam68 mutants lacking the Cdc2 phosphorylation GST-Sam68 b Figure 5 Phosphorylation of Sam68 by puri®ed Cdc2. Immobilized GST (lanes 1 ± 4) or GST-Sam68 (lanes 5 ± 8) were subjected to in vitro phosphorylation in the absence (lanes 1 and 5) or presence of 5 mg HeLa mitotic whole cell lysate (WCL) (lanes 2 and 6), 10 units Cdc2 (lanes 3 and 7) , or 10 units c-Src (lanes 4 and 8) as described in Materials and methods. (a) Aliquots were analysed by SDS ± PAGE (10%) and autoradiography. Positions of GST, GST-Sam68, and molecular weight markers (kDa) are indicated. (b) Aliquots were separated by SDS ± PAGE (8%) and GST-Sam68 was subjected to phosphoaminoacid analysis and autoradiography. Phosphoamino acid standards are indicated: PS, phosphoserine; PT, phosphothreonine; PY, phosphotyrosine sites may help elucidate the consequences of these phosphorylations and the biological role(s) of Sam68. The fact that Sam68 is phosphorylated by Cdc2 in metaphase-arrested (nocodazole treated) cells suggests that it may act as an intermediary between this key regulatory enzyme and other components of the mitotic machinery. However the time course of this phosphorylation is not known. If Sam68 is an early target of Cdc2, it could be involved in G2/M transition and/or the early stages of mitosis (e.g., chromsomal condensation, cytoskeletal disassembly, formation of the mitotic spindle, nuclear envelope breakdown). Alternatively, phosphorylation of Sam68 during metaphase might signal its participation in the later stages of mitosis (e.g. chromosomal segregation, reformation of the nuclear envelope, cytokenesis) or in some post-mitotic event(s) during early G1. Based on its ability to bind RNA, Sam68 might also be involved in the down-regulation of gene expression during mitosis or the re-initiation of experession upon entry into G1.
Since Sam68 is a target of both Cdc2 and Src during mitosis, it may serve to integrate signals generated by these two protein kinases. However we do not know whether these kinases act cooperatively or antagonistically to modulate Sam68-mediated events and progression through mitosis. Identi®cation of the biological functions of Sam68 and their regulation by Cdc2 may yield clues as to whether subversion of these processes might contribute to neoplastic transformation.
Materials and methods
Materials
ATP, NaF, b-glycerophosphate, nocodazole and sodium pyrophosphate (Sigma); Na-vanadate (Fisher); microcystin-LR (Calbiochem); histone H-1 and rabbit polyclonal anti-Cdc2 (raised against a peptide corresponding to the seven carboxy-terminal residues of Cdc2) (Life Technologies); monoclonal anti-Cdc2 antibody (raised against a peptide corresponding to the ®fteen carboxy-terminal residues of Cdc2) (Transduction Labs); olomoucine (Promega); c-Src kinase (Upstate Biotechnology); Cdc2/ cyclin B kinase (New England Biolabs); [g 32 -P]ATP (3000 Ci/mmol) (New England Nuclear) and 32 P-orthophosphate (ICN).
Plasmids and recombinant proteins
pGEX-Sam68 was generated by introducing a BamHI site after the initiation ATG of the full-length mouse Sam68 cDNA. A BamHI ± XmaI fragment was subcloned into the BamHI and XmaI sites of pGEX2T (Pharmacia) and transformed into E. coli strain DH5a. Cells (expressing GST-Sam68 or GST alone) were grown to an OD 600 =0.8 in 400 ml of SB medium (32 g/l tryptone, 20 g/l yeast extract and 5 g/l NaCl, pH 7) and induced with 1 mM isopropyl-1-thio-b-D-galactopyranoside for 2 ± 3 h at 308C. Cells were collected by centrifugation, washed once with HEPESbuered saline, pH 7.4, resuspended in HNE (25 mM NaHEPES pH 7.4, 150 mM NaCl, 1 mM EDTA, 10 mg/ml leupeptin, 10 mg/ml aprotinin), and sonicated for 45 s on ice. Nonidet P-40 was added to the lysates to a ®nal concentration of 0.5% and then were incubated with 300 ml glutathione-Sepharose beads (Pharmacia) for 1 ± 2 h with inversion. GST-Sam68/GST-bound beads were washed 6 ± 8 times with HNE containing 0.5% NP40, resuspended in same, and stored at 48C.
Cell culture and synchronization
HeLa S3 cells (ATCC) were maintained in monolayer culture in Dulbecco's modi®ed Eagle's medium (DMEM) (4.5 g/l glucose) supplemented with 10% calf serum (Life Technologies), 44 mM NaHCO 3 , 480 units/ml penicillin and 75 units/ml streptomycin in a humidi®ed atmosphere containing 10% CO 2 at 378C. NIH3T3 cells were maintained similarly except with 5% calf serum. Cells were trypsinized and replated in the appropriate medium 8 ± 16 h prior to treatment and then arrested in mitosis by incubation with either 0.4 mg/ml (6 ± 9 h) or 0.1 mg/ml (12 ± 16 h) nocodazole. Mitotic cells were collected by mechanical shake-o, washed twice with ice-cold PBS, and lysed in KLB (25 mM NaHEPES, pH 7.4, 150 mM NaCl, 0.5% Nonidet P-40, 1 mM EDTA, 25 mM NaF, 1 mM Navanadate, 10 mg/ml leupeptin, 10 mg/ml aprotinin) for 30 min at 48C. Unsynchronized cells (without nocodazole) were washed twice with PBS and lysed directly on the plate in KLB. Lysates were clari®ed by centrifugation for 30 min at 28 0006g at 48C and protein concentrations were determined by the BioRad DC protein assay.
Metabolic labeling of cells and immunoprecipitation of Sam68
Unsynchronized and mitotic cells were prepared as described above except in a 9 : 1 : 1 mixture of phosphatefree DMEM : DMEM : calf serum. Cells were incubated with [
32 P]orthophosphate (0.5 ± 1 mCi/ml) for 3 h, washed with PBS, and lysed in KLB containing 0.5% deoxycholate, 0.1% SDS, 2 mM microcystin-LR, 10 mM b-glycerophosphate, and 10 mM Na-pyrophosphate.
32 P-labeled cell lysates were incubated for 2 h at 48C in the absence or presence of 10 ± 30 ml anti-Sam68 antiserum . Immune complexes were immobilized on 25 ml GammaBind (or Protein A) Sepharose beads (Pharmacia) for an additional 1 h with mixing, washed 3 ± 46 with lysis buer, resuspended in 1.56SDS ± PAGE sample buer and proteins were analysed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS ± PAGE) (Laemmli, 1970) and autoradiography using Kodak Biomax MR X-ray ®lm.
Immunodepletion of Cdc2
Unsynchronized and mitotic HeLa cell lysates (60 mg) were incubated in the absence or presence of 15 mg of a rabbit polyclonal anti-Cdc2 antibody (Life Technologies) in 150 ml of KLB for 2 h at 48C. Immune complexes were immobilized on Protein A-Sepharose beads (Pharmacia; 50 ml of a 50% suspension) for 2 h with mixing, removed by centrifugation, and the supernatants were placed on ice. Beads were washed 46 with KLB, resuspended in 200 ml KLB and placed on ice. Aliquots of the corresponding fractions were analysed by in vitro kinase assays and Western blot analysis as described in the legends.
In vitro kinase assay GST-fusion proteins (10 ± 20 mg total protein) immobilized on glutathione-Sepharose beads or histone H-1 were resuspended in a ®nal volume of 100 ml containing 10 mM NaHEPES 7.4, 10 mM MgCl 2 , and 1 mM DTT. Cell lysates, puri®ed enzymes, and olomoucine were added as described in the legends. Reactions were initiated by the addition of 50 mM [g-32 P]ATP (®nal concentration) and incubated for 10 min at room temperature. Immobilized proteins were washed twice with ice-cold KLB and resuspended in 1.56SDS ± PAGE sample buer. Reactions containing histone were combined with 25 ml of 56SDS ± PAGE sample buer. Proteins were analysed by SDS ± PAGE and results were visualized by autoradiography or quantitated by PhosphorImager (Fuji) analysis.
Western blot analysis
Proteins were resolved by SDS ± PAGE and transferred to Immobilon (Millipore) using a semi-dry electroblotter system (ISS-Enprotech). Membranes were blocked in TTBS (25 mM Tris-Cl pH 7.5, 150 mM NaCl, 0.1% Tween 20) containing 2.5% bovine serum albumin (BSA), probed with anti-Cdc2 (Transduction Labs; 1/2500), washed, and then probed with goat anti-mouse IgG conjugated to horseradish peroxidase (Life Technologies; 1/10 000). Membranes were washed and results were visualized by enhanced chemiluminescence (DuPont NEN).
Phosphoamino acid analysis
32 P-labeled proteins were resolved SDS ± PAGE and transferred to Immobilon as described above. Phosphorylated bands were excised and subjected to one-dimensional phosphoamino acid analysis (Cooper et al., 1983) . Standards were visualized by ninhydrin staining and radioactive phosphoamino acids were visualized by autoradiography and quantitated by PhosphorImager analysis.
